Abstract
Background
The molecular mechanism underlying how the combination of low-dose β1-blocker and milrinone affects intracellular Ca 2+ handling in heart failure remains unclear.
Methods
We investigated the effect of milrinone plus landiolol on intracellular Ca 2+ transient (CaT), cell shortening (CS), the frequency of diastolic Ca 2+ sparks (CaSF), and sarcoplasmic reticulum Ca 2+ concentration ({Ca 2+ } SR ) in normal and failing canine cardiomyocytes and used immunoblotting to determine the phosphorylation level of ryanodine receptor (RyR2) and phospholamban (PLB).
Results
In failing cardiomyocytes, CaSF significantly increased, and peak CaT and CS markedly decreased compared with normal myocytes. Administration of milrinone alone slightly increased peak CaT and CS, while CaSF greatly increased with a slight increase in {Ca 2+ } SR .
Introduction
Aberrant Ca 2+ release through the cardiac ryanodine receptor (RyR2), which represents diastolic Ca 2+ leak from sarcoplasmic reticulum (SR), is a major cause of heart failure and lethal arrhythmia [1, 2] . In heart failure, diastolic Ca 2+ leak from SR and decreased Ca 2+ uptake to SR causes intracellular Ca 2+ overload as well as depression of SR Ca 2+ content, eventually leading to systolic and diastolic left ventricular (LV) dysfunction [1, 2] . Moreover, diastolic Ca 2+ leak from SR via RyR2 can initiate delayed afterdepolarization and trigger activity, leading to arrhythmia [1, 2] . Therefore, RyR2 stabilization may be a novel therapeutic strategy against heart failure and subsequent lethal arrhythmia [1, 2, [3] [4] [5] [6] . Short-term inotropic therapy may benefit patients with acute decompensated heart failure (ADHF) corresponding to Forrester subset IV by reducing symptoms and improving endoorgan perfusion [7, 8] . However, it has not demonstrated positive results [9] . Inotropes including dobutamine, dopamine, and phosphodiesterase III inhibitor (i.e., milrinone) have cardiotoxic and arrhythmogenic actions induced by intracellular Ca 2+ overload [10, 11] .
The use of a β-blocker in combination with inotropic agents to treat ADHF has been contraindicated. In cases where acute heart failure with tachycardia is refractory to standard treatments such as diuretics, vasodilators, and milrinone (i.e., heart rate slowing is not observed), a low-dose β-blocker might be effective for treating ADHF, if it has modest negative chronotropic but few cardiosuppressive effects. Landiolol (ONOACT; Ono Pharmaceutical, Osaka, Japan) is the most ultrashort-acting intravenous (elimination t 1/2 : 4 min) and β1-selective adrenergic receptor blocker (β 1 /β 2 = 255), similar to esmolol, with a significant chronotropic effect and little or no negative inotropic effect at low doses [12] [13] [14] [15] . Very recently, this unique β1-blocker was recommended for use in atrial fibrillation and atrial flutter with tachycardia by the Japanese Circulation Society, even for patients with acute heart failure with LV dysfunction [16, 17, 18] . We reported that the addition of low-dose landiolol to milrinone effectively improved cardiac function and eliminated pulsus alternans in 20 patients with ADHF with tachycardia, while standard therapy with diuretics, vasodilators, and milrinone was ineffective in slowing HR [15] . Surprisingly, pulsus alternans disappeared upon addition of low-dose landiolol to milrinone in all affected patients [15] . Before beginning the present study, we reconfirmed the observation that a low dose β1-blocker eliminated alternans of radial arterial pressure and Doppler LV outflow in a patient with severe heart failure, as shown in Fig. 1 .
The molecular mechanism underlying how low-dose β1-blocker combined with milrinone affects intracellular Ca 2+ handling in heart failure remains unclear. One putative mechanism is through slowing HR, which decreases myocardial oxygen demand and improves diastolic filling [15] . From several reports [19] [20] [21] [22] [23] , moreover, another contributing mechanism might be correction of aberrant intracellular Ca 2+ handling. In the present study, we investigated the cardioprotective mechanism of a low-dose β1-blocker in intact failing canine cardiomyocytes to clarify the acute effect of low-dose β1-blocker on Ca 2+ handling at a steady pacing rate of 0.5
Hz. Acute effect of low-dose β1-blocker was defined as add-on effect without long incubation.
Methods
Canine heart failure model induced by rapid right ventricular pacing Dogs (obtained from KITAYAMA LABES CO., LTD, Japan) used in the present study, were all female beagle dogs (10-13 kg in body weight, 3-4 years old). Housing and husbandry conditions at Science Research Center at Yamaguchi University are as follows (see S1 ARRIVE Checklist).
1. Housing: A large separate gage (D90cm x W85cm x H80cm) were given to each dog (number of gage was 12)
2. Husbandry condition: light /dark cycle (12hrs/12hrs) 7am-7pm; temperature 70°F ± 2°F; Food; food for experimental animals (TC-2, Oriental Yeast Co., LTD., Japan) was given every day. Water; drinking water.
3. Health check was performed by stuffs every day before and after pacemaker implantation in both operated group and non-sham operated group. If necessary, animal doctors saw dogs and treated them.
In 6 adult beagle dogs (10-13 kg), heart failure was induced by continuous application of rapid right ventricular pacing at 250 bpm using an externally programmable miniature pacemaker (Medtronic Inc., Minneapolis, MN or Taisho Biomed Instruments Co., Ltd) for 28 days, as described previously [6, 24, 25] . Dogs were deeply anaesthetized with an isoflurane and intravenous injection of sodium pentobarbital (50mg/kg) so that a pacemaker lead could be inserted into the right ventricle apex via left jugular vein under fluoroscopy and connected to a pacemaker implanted subcutaneously in the neck. Six non-sham operated dogs were used as controls. Before sacrificing non-sham operated controls and 4weeks-pacing dogs, we measured heart rate, blood pressure, and indices of cardiac function by echocardiography in order to confirm that 4-weeks pacing induced heart failure (HF) under conscious condition. At the end of the study, dogs were euthanized with an isoflurane and intravenous injection of sodium pentobarbital and ventilated mechanically, followed by rapid removal of heart as previous described [6, 24, 25] . Hearts were rapidly excised via thoracotomy. These procedures were performed at an animal operation room of Science Research Center at Yamaguchi University. This study conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996). All animal protocols were approved by the Yamaguchi University School of Medicine Animal Experiment Committee (institutional permission # 23-027).
Isolation of cardiomyocytes
Cardiomyocytes were isolated from the LV free wall of the beagles with a little modification as described previously [6, 24, 25] . Briefly, a wedge of the LV free wall perfused by a diagonal branch of left anterior descending coronary artery was resected from the whole heart and quickly perfused with perfusion buffer without collagenase (95%O 2 /5%CO 2 -bubbled Minimal Essential Medium (Sigma) supplemented with 50 μM Ca 2+ , 0.5 mg/mL and 0.02 mg/mL protease type XIV). Then, antegrade perfusion from the coronary artery branch was performed for 1 hour with perfusion buffer with collagenase (95%O2/5%CO2 -bubbled Minimal Essential Medium (Sigma) supplemented with 50 μM Ca 2+ , 0.5 mg/mL collagenase B, 0.5 mg/mL, collagenase D and 0.02 mg/mL protease type XIV). The temperature of the perfusion buffer kept 37°C. Finally, the perfused LV was minced with scissors and rod-shaped adult canine cardiomyocytes were prepared. The Ca 2+ concentration in the incubation medium was gradually increased to a final concentration of 1 mM (50μM, 125 μM, 300 μM, and 1 mM). The isolated cardiomyocytes were transferred to laminin-coated glass culture dishes and incubated for 12 h at 37°C in a 95% O 2 /5% CO 2 atmosphere. It took 6 hours to finish the isolation of cardiomyocytes since the measurement of cardiac function and LV geometry by echocardiography. Measurement of cell shortening and Ca 2+ transient, Ca 2+ spark assay were started after 12 hourincubation (overnight), and all measurements were finished within 8 hours.
Measurement of cell shortening and Ca 2+ transients
Cardiomyocyte cell shortening (CS) and intracellular Ca 2+ transients (CaT) were measured using Fura-2 AM as described previously [6, 24, 25] . Briefly, cells were stimulated electrically by a field stimulator (IonOptix, MA) at a frequency of 0.5 Hz. CaT and CS amplitudes reached the steady state within 30 sec after start of pacing stimulation. Therefore, we recorded CaT and CS from 30 sec to 40 sec after start of pacing at the rate of 0.5 Hz. We defined the values of CaT peak and CS peak, which were calculated from averaging 10 consecutive steady CaT waveforms and 10 CS waveforms by using IonOptix analysis software, as the peak CaT and the peak CS of each cardiomyocyte. Ca
2+
-induced fluorescence at 505 nm was measured by excitation at 340 and 380 nm using a dual-excitation spectrofluorometer. The intracellular calcium concentration was calculated as the ratio of the fluorescence emission intensities at these 2 excitation wavelengths [6, 24, 25] .
To determine the dose-dependent effect of landiolol on CS in isolated normal and failing cardiomyocytes, we measured CS with various doses of landiolol (from 0 nM to 1000 nM).
Analysis of Ca
2+ sparks with laser scanning confocal microscopy Ca 2+ sparks were measured as previously described [6, 24, 25, 26] , using a laser scanning confo- 
Measurement of intra-sarcoplasmic reticulum Ca 2+ concentration in cardiomyocytes
A caffeine-induced Ca 2+ transient was measured by first applying a stimulation train at 0.5 Hz for 60 sec and then rapidly switching the superfusion solution to a solution containing 20 mM caffeine for 5-6 s, as previously described [6, 24, 25, 26] .
Measurement of landiolol antioxidative effect on intact cardiomyocyte
In canine cardiomyocytes, a fluorescent probe, 2,7-dichlorofluorescin diacetate (DCFH-DA, Molecular Probes), was used to assess intracellular reactive oxygen species (ROS) formation, as described previously [27, 28] . Fluorescence images (excitation at 490 nm, emission at 530 nm) were acquired with a microscope (LSM 510, Carl Zeiss, Oberkochen, Germany).
Immunoblot analysis
We performed immunoblot analyses using specific antibodies against ryanodine receptor 2 (RyR2; Sigma), Ser2808-phosphorylated RyR2 (P-Ser2808-RyR2; Badrilla), phospholamban (PLB; Upstate Biotech), Ser16-phosphorylated PLB (P-Ser16-PLB; Upstate Biotech), and Thr17-phosphorylated PLB (P-Thr17-PLB; Badrilla) as previously described [26, 29] .
Statistical analysis
The chi-squared test was used to compare prevalence or frequencies. The significance of differences between 2 groups was determined by post-hoc tests with Least Significant Difference algorithms following repeated-measures analysis of variance to evaluate the dose-dependence of landiolol on cell shortening in isolated cardiomyocytes. Comparisons across milrinone(+/-), landiolol(+/-), and heart failure(+/-) were independently verified with multivariate analysis of variance in experimental studies. Kruskal Wallis ANOVA was used to evaluate the antioxidative effect of landiolol on intact cardiomyocytes. All analyses were performed with SPSS 18.0 software (SPSS Inc., Chicago, Illinois). P values less than 0.05 were considered statistically significant.
Results
The comparison of hemodynamics in normal and heart failure model (Table 1) . There was no difference in heart rate (HR) and blood pressure between HF group and controls. These data were compatible with the hemodynamic data which were previously reported [5, 6, 24, 25, 27, 28, 30] .
Effects of landiolol or milrinone on Ca 2+ handling and cell function in isolated canine cardiomyocytes As shown in Fig. 2 , the addition of less than 10 nM landiolol did not have any appreciable effect on CS in both normal and failing cardiomyocytes; however, more than 30 nM landiolol significantly inhibited CS. On the basis of these results, we defined 10 nM landiolol as the "low dose". We also used 10 μM milrinone (maximum effect dose) for Ca 2+ handling experiments, as described previously [31, 32] . In failing cardiomyocytes, the frequency of Ca 2+ sparks (CaSF) increased significantly, and both peak CaT and CS decreased markedly compared with normal cardiomyocytes (Fig. 3A, B) . The addition of 10 μM milrinone to failing cardiomyocytes significantly increased peak CaT, peak CS, CaSF, and {Ca 2+ } SR . Interestingly, the co-addition of landiolol and milrinone to failing cardiomyocytes largely decreased the milrinoneenhanced CaSF, and in turn, significantly increased {Ca 2+ } SR , peak CaT and peak CS as compared with milrinone mono-treatment in failing cardiomyocytes. In addition, low-dose 
Effect of low-dose landiolol on the phosphorylation of cardiac ryanodine receptor 2 and phospholamban
In normal cardiomyocytes, milrinone (10 μM) slightly increased the phosphorylation levels of RyR2, Ser2808, and PLB Thr17 and markedly increased that of PLB Ser16 (Fig. 5A, B, C, D) . The addition of low-dose landiolol to milrinone suppressed PLB phosphorylation without any appreciable effect on RyR2 phosphorylation (Fig. 5A, B, C, D) .
In failing cardiomyocytes, the baseline RyR2 phosphorylation level was abnormally elevated, as described previously [5, 33, 34] . Milrinone (10 μM) had no additional effect on the hyperphosphorylation of RyR2 Ser2808 but significantly increased the phosphorylation of PLB Ser16 and Thr17 (Ser16 > Thr17). Low-dose landiolol suppressed RyR2 hyperphosphorylation but had no effect on PLB phosphorylation in the presence or absence of milrinone (Fig. 5A, B, C, D) . Fig. 6 shows fluorescence images after application of a fluorescent probe of intracellular ROS, DCFH-DA (1 μmol/L), to normal cardiomyocytes. In normal cardiomyocytes, fluorescence intensity was markedly increased after addition of 100 μM H 2 O 2 , whereas it was restored to normal levels in the presence of 100 μM edaravone, which is a radical scavenger. By contrast, fluorescence intensity was not altered in the presence of 10 nmol/L landiolol. (Fig. 6A, B) .
Measurement of landiolol antioxidative effect on intact cardiomyocytes

Discussion
The most important new aspects of the present study are the findings that 1) landiolol, a pure β1-blocker, inhibited Ca 2+ leakage from failing RyR2 even at a low dose that did not suppress cardiomyocyte function; 2) milrinone monotherapy enhanced Ca 2+ leakage from failing RyR2, while adding low-dose β1-blocker to milrinone suppressed this milrinone-induced Ca 2+ leakage, leading to greater improvement in cardiomyocyte function; and 3) low-dose landiolol prevented mechanical alternans in failing myocardiocytes. This report is the first to demonstrate that a low-dose pure β1-blocker in combination with milrinone can acutely benefit abnormal ß-Blocker and Milrinone in Acute Heart Failure intracellular Ca 2+ handling. Our results (Fig. 3A-F) suggest the following mechanism: milrinone alone slightly elevates {Ca 2+ } SR and peak CaT by a net effect of enhanced Ca 2+ uptake through PLB phosphorylation and Ca 2+ leakage through hyperphosphorylated RyR2. The addition of low-dose landiolol to milrinone suppresses RyR2 hyperphosphorylation and therefore stops Ca 2+ leakage, which in turn further increases {Ca 2+ } SR and peak CaT, leading to markedly improved cell function (Fig. 3A-F) .
We previously reported the first observation that pulsus alternans, a well-known sign of severe heart failure, was completely eliminated by addition of low-dose landiolol in 10 patients with severe ADHF [15] . The mechanism of this effect remains unclear. Pulsus alternans is more likely to occur at higher heart rates [35] , and the heart rate reduction achieved by a low-dose β1-blocker may be involved in eliminating it. However, several studies have shown that pulsus alternans arises from abnormal intracellular calcium cycling involving SR [22, 23] . Therefore, we hypothesized that low-dose β1-blocker also corrects abnormal intracellular Ca 2+ handling during heart failure. To test this hypothesis, we examined the effect of low-dose landiolol on Ca 2+ release through RyR2 and CS by electrically pacing isolated cardiomyocytes. Alternans of Ca 2+ transient and cell shortening appeared in 30% of intact failing cardiomyocytes, and not at all in intact normal cardiomyocytes. Addition of low-dose landiolol significantly diminished the alternans of Ca 2+ transient and CS (Fig. 4A, B) . These findings strongly imply that this β1-blocker improved aberrant intracellular Ca 2+ handling irrespective of heart rate.
One of the major regulators of cardiac contractility is 3 0 -5 0 -cyclic adenosine monophosphate (cAMP)-dependent protein kinase A (PKA) phosphorylation via β-adrenergic stimulation [2, 5, 33, 34] . However, in chronic heart failure, intracellular Ca 2+ overload and Ca 2+ depletion in SR are due not only to Ca 2+ leakage from failing RyR2 but also to decreased Ca 2+ uptake, which is caused by down-regulation of sarcoma/endoplasmic reticulum Ca 2+ -ATPase and decreased PLB phosphorylation [2, 5, 33, 34] . A low-dose β1-blocker that induced dephosphorylation of both RyR2 and PLB would worsen cardiomyocyte function, not, as we observed, improve it. To determine the molecular mechanism of the observed effects, we examined the effect of milrinone (10 μM) or low-dose landiolol (10 nM) on RyR2 and PLB phosphorylation in normal and failing cardiomyocytes. Our results suggest that a low-dose β1-selective blocker inhibits Ca 2+ leakage through RyR2 by selectively suppressing RyR2 phosphorylation during heart failure ( Fig. 5A, B) . Therefore, combination therapy with milrinone and low-dose landiolol might be a superior therapeutic strategy for ADHF because it improves cardiomyocyte function and prevents lethal arrhythmia resulting from intracellular Ca 2+ overload.
In heart failure, the difference in phosphorylation level between RyR2 and PLB might arise from the compartmentation of the PKA signaling cascade [36] [37] [38] [39] [40] . Indeed, our results showed that milrinone promoted PLB Ser16 and Thr17 (but not RyR2 Ser2808) phosphorylation in failing cardiomyocytes, while low-dose landiolol inhibited RyR2 Ser2808 hyperphosphorylation (but not milrinone-induced PLB Ser16 and Thr17 phosphorylation). Taken together, these findings indicate that inhibition of aberrant Ca 2+ leakage through failing RyR2, which was enhanced by milrinone, with a low-dose β1-blocker might improve cardiac function and suppress arrhythmogenesis [1, 2, 15] Tachycardia itself complicated acute heart failure-induced intracellular Ca 2+ overload and enhanced myocardial oxidative stress [41] . Therefore, slowing HR with a β1-blocker is considered cardioprotective. In the present study, however, the cardioprotective effect occurred through inverse agonism of the β1-blocker independent of HR, as all functional experiments were performed at steady rate of 0.5 Hz pacing and in the absence of catecholamine. Based on the present results, milrinone-induced lethal arrhythmia appears to be associated with enhanced diastolic Ca 2+ leakage from SR. Therefore, low-dose landiolol in combination with milrinone may be a novel strategy to prevent lethal arrhythmia in patients with acute heart failure.
ß-Blocker and Milrinone in Acute Heart Failure
Another important mechanism of abnormal diastolic Ca 2+ release through RyR2 is the oxidation of RyR2 due to ROS [27, 28] . In the present study, however, landiolol had no appreciable antioxidant effect on cardiomyocytes in the presence of 100 μmol/L H 2 O 2 ( Fig. 6A, B) . Therefore, the antioxidant effect of landiolol does not appear to contribute to suppressing diastolic Ca 2+ leakage from SR.
While β1 adrenergic receptor (β1AR) blocker plays a role through its blocking β1AR, the model used in the present study is the cultured cells where there is no any catecholamine in the medium. How does the β1AR play the role in regulation of intracellular Ca 2+ homeostasis? In the present study, it was suggested that the inverse agonism of landiolol via β1AR, but not its competitive inhibition with catecholamines, contributed to the mechanism by which landiolol inhibited diastolic Ca 2+ leakage from RyR2 by the selective inhibition of phosphorylation of RyR2 in failing cardiomyocytes. It was reported that β blockers such as nebivolol, bisoprolol, metoprorol, carvediolol, and bucindolol had inverse agonism effect in human ventricular or atrial myocardium [42] . Are the phenomena which landiolol induced, landiolol-specific? Other β blockers might have similar effects to greater or lesser degree. The reasons are as follows; 1) β blockers such as nebivolol, bisoprolol, metoprorol, carvediolol, and bucindolol have inverse agonism effect [42] , 2) β blockers such as propranolol and carvedilol suppress Ca 2+ leak from SR in failing cardiomyocytes [27, 33] . On the basis of our results, we propose the following model for the molecular basis of lowdose β-blocker treatment of ADHF (Fig. 7) 
Limitations
Inhibition of milrinone-induced diastolic Ca 2+ leakage from the failing SR has been suggested to arise in part from selective inhibition of phosphorylated RyR2 (Ser 2808), the target amino acid of cAMP-dependent PKA. In the present study, however, we did not directly examine the effect of low-dose landiolol on phosphorylation of RyR2 (Thr 2814), the target amino acid of Ca 2+ /calmodulin-dependent protein kinase II (CaMK II). Recently, several reports indicated that CaMK II, rather than PKA, plays a critical role in diastolic Ca 2+ leak through RyR2 [43, 44] . Therefore, the mechanism by which low-dose landiolol suppressed milrinone-induced diastolic Ca 2+ leak may also involve inhibition of RyR2 (Thr 2814) phosphorylation.
The phosphorylation level for PLB-Ser16 (PKA phosphorylated site) is much larger than PLB-Thr17 (CaMKII phosphorylated site) after addition of milrinone, which may suggest that milrinone affects Ca 2+ handling through PKA phosphorylated site. Xiao B et al. reported that RyR2-Ser2030 site was the major phosphorylation site in RyR2 responding to PKA activation upon β adrenergic stimulation in normal and failing rat hearts [45] . In the present study, however, we did not investigate the effect of milrinone and/or landiolol on the phosphorylation level of RyR2-Ser2030 in dog cardiomyocytes. Therefore, the mechanism by which low-dose ß-Blocker and Milrinone in Acute Heart Failure landiolol suppressed Ca 2+ leakage through RyR2 may be due to the inhibition of phosphorylation of RyR2-Ser2030 as well as the inhibition of phosphorylation of RyR2-Ser2808. Further research is needed to clarify these possibilities.
Conclusions
In failing cardiomyocytes, the addition of a low-dose β1-blocker to milrinone improved intracellular Ca 2+ handling and significantly restored mechanical alternation by inhibiting diastolic Ca 2+ leakage from SR. Thus, the molecular mechanism by which a low-dose β1-blocker can suppress milrinone-induced Ca 2+ leakage from SR is very important for the treatment of ADHF.
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